INTRODUCTION

28
It is a key global challenge to increase crop productivity while preserving natural 29 resources, and at the same time facing climate change and degradation of arable lands. Hence, it is 30 time to re-think how we grow plants to meet the United Nations sustainable development goals of 31 zero hunger and responsible crop production (United Nations, 2015). However, this goal is 32 currently quite distant considering that it is contingent on the need to produce on poorly-fertile 33 marginal soils with inherent nutrient limitations.
34
To grow and yield efficiently, plants require 17 essential elements. Of these, several 
44
Manganese deficiency is a widespread problem, particularly in dry, calcareous, and 45 sandy soils, which favour the oxidation of Mn into plant unavailable Mn oxides (Schmidt et al., 46 2016a). Barley is particularly sensitive to Mn deficiency, which significantly reduces crop yields 47 and may even cause complete crop loss in severe winters (Schmidt et al., 2013) . Novel genotypes 48 which are able to acquire and utilise Mn and other micronutrients more efficiently are needed to 49 achieve global food security. To achieve this, one strategy is to explore the variation contained in landraces had a greater capacity to acquire Mn, suggesting a wider genetic diversity in tolerance to 63 Mn deficiency compared to modern elite varieties.
64
Here we explore and compare the genetic variation in a population of Northern
65
European ancient landraces and modern elite varieties grown across three different environments; 
MATERIALS AND METHODS
72
Barley Accessions
73
The accessions used in this study are part of a 'heritage' barley collection which 74 includes landraces and locally adapted cultivars, from the UK mainland and Scottish islands,
75
including two-and six-row types (Supplementary Table S1 were determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES)
178
(Agilent 5100, Agilent Technologies, USA).
179
Thylakoid isolation and analysis of Mn binding in photosystem II complexes by SEC-ICP-MS
180
The youngest fully developed leaves were used for thylakoid isolation as described previously through a double layer of Miracloth (pore size 22-25 mm), and centrifuged for 10 min at 6,000 g.
185
The supernatant was discarded, and the pellet was resuspended in washing buffer [5 mM Tricine
186
(pH 7.9), 10 mM NaF]. Subsequently, the washed thylakoids were pelleted by centrifugation for 10 
Data analysis
200
All data, the mean of three to four replicates and genotypic differences were analysed with one-way 201 or two-way ANOVA followed by LSD test and P-values <0.05 were considered significant. Data Table S1 ). two-row landraces (Fig. 2A) Fig. 2D ) compared with the control. In contrast, a more typical 268 decrease in biomass under Mn deficiency was observed for the modern elite KWS Irina (Fig. 3B) .
269
Intact leaves were investigated using imaging Chl a fluorescence analysis (Fig. 3C) complexes closest to the veins and mid-rib vein of the leaf (Fig. 3C ). This is in close agreement
276
with the observable interveinal chlorosis in leaves of plants experiencing severe Mn deficiency.
277
This observation was much more prominent in the Bere landraces compared to the elite KWS Irina.
278
To further examine differences in PSII functionality, Mn loading in isolated and fractionated PSII 279 super-and subcomplexes was investigated according to Schmidt et al. (2015) (Fig. 3D) supercomplexes, PSII dimers, and PSII momomers (Fig. 3D) . Under Mn deficient conditions, Mn 283 incorporation into PSII was severely reduced for both genotypes, but was less pronounced for Bere
284
Unst Shetland compared to control. Under Mn deficient conditions, the macro-organisation of PSII 285 complexes were similar for both genotypes (Fig. 3D ).
287
Mn efficiency traits have been lost from modern elite varieties
288
Based on the data obtained from hydroponics (Fig. 2) dramatic in the field (Fig. 5 ) than was observed in hydroponics ( Fig. 2 and 3 ) and pot experiments 323 (Fig. 4) .
324
In Orkney, at early growth stages (BBCH 20 and onwards), remarkable visual 325 differences in growth, biomass, and overall plant vigour became apparent when comparing the Mn 326 efficient Bere landraces and the modern elite genotypes in the field (Fig. 5A) . The Mn efficient 327 genotypes were thriving, showing no signs of Mn deficiency symptoms (Fig. 5B right photo) ,
328
whereas the modern elite genotypes displayed severe Mn deficiency symptoms (Fig. 5B left and   329 center photos). These symptoms included floppy and soft leaves easily damaged by high winds 330 (Fig. 5B center photo) , severe chlorosis in the youngest leaves, and multiple necrotic interveinal 331 spots in the older leaves (Fig. 5B left photo) , along with impeded plant growth resulting in delayed 332 growth stages (Fig. 5A) (Fig. 5D) . It is important to note that these grains were largely 348 empty, without embryo and endosperm. In contrast, the Mn efficient Bere landraces produced 349 impressive grain yields ranging between 4.6 and 5.0 t ha -1 , achieved without Mn fertilisation (Fig.   350   5D ). yielding properties when cultivated under optimal nutrient regimes. In contrast, the Bere landraces 360 achieved grain yields from 3.3 to 3.5 t ha -1 (Fig. 5D) according to their islands of origin (Fig. 1B) , it appears that Bere barley landraces from distinct 390 biogeographical zones have developed different but equivalent strategies to overcome Mn deficient 391 conditions (Fig. 4 and 5 ). Under such strong and geographically varied selection pressure it seems 392 likely that the adaptation to Mn deficiency has developed independently. Mn acquisition under field conditions where Mn availability is limited (Fig. 5) 
